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14, 1765 (1986). 14. P. A. Johnson The distribution of photoreceptors is known for only one complete human retina and for the cardinal meridians only in the macaque monkey retina. Cones can be mapped in computer-reconstructed whole mounts of human and monkey retina. A 2.9-fold range in maximum cone density in the foveas of young adult human eyes may contribute to individual differences in acuity. Cone distribution is radialiy asymmetrical about the fovea in both species, as previously described for the distribution of retinal ganglion cells and for lines of visual isosensitivity. Cone density was greater in the nasal than in the temporal peripheral retina, and this nasotemporal asymmetry was more pronounced in monkey than in human retina.
T HE TOPOGRAPHIC DISTRIBUTION,
size, and packing geometry of photoreceptors contribute to the functional grain of the primate retina. Most of what is known about these variables in the human retina comes from the classic study of 0ster-berg (1), but sampling gaps in that study have left our understanding of photoreceptor topography incomplete. In the fovea, the region responsible for acute vision, only a small strip of the temporal horizontal meridian was examined. A large portion of the inferior peripheral retina was not available for analysis. Furthermore, because only one retina was studied, variability in either the overall pattern or absolute values of the photoreceptor map remains unknown. Several estimates exist for the maximum density of cones in the young adult fovea (2, 3), but each of these histological studies also included only one eye.
Because Eyes were trisected into a belt containing the fovea, optic disk and horizontal meridian, an inferior cap, and a superior cap. The retina was detached from the retinal pigment epithelium, flattened on a plastic slide, cleared and coverslipped with dimethyl sulfoxide or glycerine (8). Nomarski differential interference contrast optics allow us to view optical sections at different levels along the long axis of photoreceptors (Fig. 1) . Rod and cone inner segments are easily distinguished at their presumed entrance aperture, a level just sclerad to the external limiting membrane (11). Photoreceptors were counted in whole mounts, through the use of a computer-video-microscope system, at locations determined by a sampling grid whose density decreased smoothly with eccentricity from the fovea (Fig. 2) 
(12).
We developed a digital model of the retina that consists of locations on the retinal sphere (13) indexed by spherical coordinates and associated attributes such as photoreceptor density. Our software transforms the data from locations in the whole mount back to spherical coordinates by using the fovea and optic disk as reference points and retinal vasculature to connect across cut edges. Programs display color-coded density maps in the polar azimuthal equidistant projection. Other programs resample the digital model and plot photoreceptor density along any meridian (Figs. 2 and 3) .
The distribution of cones in both human and monkey retina peaked in the center of the fovea, with cone density falling off sharply with eccentricity as previously described (1, 5-7) . Comparison of the cone distribution in eyes Hi to H4 and for the eye examined by 0sterberg (Fig. 3) reveals extensive overlap in the peripheral retina and a marked variability in the fovea that was qualitatively obvious in the tissue (Fig.  1) . In our sample, peak foveal cone density in a 54 by 37 pm field ranged from 96,900 cones per square millimeter (H2) to 281,000 mm-2 (Hi), a 2.9-fold range. Mean peak density was 161,900 mm-2, whereas 0sterberg's original estimate was 147,000 mm-2. In the monkey eye, peak cone densities were 188,000 (Ml) and 190,000 mm-2 (M2). Estimates of peak density depend on the size of the counting field. Our values were 10 to 20% higher for all eyes when determined for a 35% smaller counting field that included less surrounding area of lower density.
Density contour plots (Fig. 4, A and B ) revealed that the distribution of cones in the primate retina is radially asymmetrical around the fovea in two ways.
1) Isodensity contours were elliptical and aligned with the HM, indicating that cone density falls off more rapidly along the VM than along the HM. In three human eyes this ellipticity was present in the fovea, where the axial ratio (HM:VM) of the contour at half-maximum density was 1.2 to 1.4 (Fig. 4B) . In H4 and in both monkeys, foveal isodensity contours were virtually circular (14). In the far periphery of human retina (Fig. 4C) , low-density contours (under 5000 mm-2) expanded away from the nasal HM into the superior and inferior retina, whereas such contours in the monkey eye remained elliptical or narrowly open at the nasal end.
2) We observed, as have others (1, 6), that cone density is higher in the nasal than in the temporal retina in both human and monkey. However, the nasotemporal asymmetry was not consistently present until outside the optic disk, as illustrated by a shift of the centers of isodensity contours toward the nasal side at higher eccentricities. This asymmetry was much more pronounced in the monkey, where cone density decreased more slowly nasally than in other retinal quadrants. Thus, cones in the nasal retina increasingly exceeded those at corresponding eccentricities in the temporal retina up to a maximum difference of 300% (Ml) and 250% (M2) in the far periphery. In contrast, cones in the human nasal retina exceeded those in the temporal retina by only 10 to 40% in Hi, H2, and H3 and 40 to 70% in H4. A slight increase in cone density (1) 
in the far nasal periphery was noted in two human eyes (H2 and H4).
A new finding in the human retina was the striking degree of variability in maxi- mum cone density in the fovea of young, presumably normal adult eyes. Much less variability was observed for peripheral cones and rods (15) in the same specimens and for peak cone density in more rapidly fixed monkey fovea. These results cannot be due to either variation in processing-induced changes in overall tissue volume, which caused a 2 to 12% increase in retinal area in another series of similarly prepared specimens (8), or variation in the three-dimensional topography of the external fovea (12). The all-cone fovea is more vulnerable to the degenerative effects of postmortem delay before fixation than is peripheral retina (16), so that differential fixation-induced changes in tissue volume remain a possible explanation. We cannot determine the magnitude of this effect without information about the dimensions of the fovea before death. We did, however, screen out eyes with macroscopically obvious foveal edema or folds. Less variability (a 25% range) has been observed in laser interferometric estimates of maximum cone density of the human fovea in vivo (17). This discrepancy may be due to the more rigorous criteria for refractive error and acuity used in selecting psychophysical observers. Variability in foveal cone density may reflect differences in the rate, timing, or extent of the developmental migration of cones toward the foveal center (16, 18). It may also be compensatory for variability in the optical constants of the eye and the magnification of images on the retina. Individual differences in foveal architecture may contribute to individual differences in behavioral acuity (19) along with optical and stimulus factors. We plan to test this idea with a similar analysis of retinas from persons whose visual function is more completely documented.
The distribution of cones is radially asymmetrical about the fovea, as is the distribution of retinal ganglion cells in the primate retina (6, 20) and lines of constant detection and resolution sensitivity in the visual field (21). Higher cone densities in the nasal and superior retinal quadrants were observed by 0sterberg (1). Our more intensive sampling of the central retina shows that some horizontal elongation of isodensity contours may appear in the fovea itself, whereas nasotemporal asymmetry is not present until a more peripheral location is reached, which suggests that these aspects of cone distribution may be dissociated. A nasotemporal difference in the optical density of foveal cone photopigments (22) may be attributable to cone morphology or photopigment concentration rather than by cone number.
Our approach toward systematically mapping human and monkey retinas will help distinguish variant and invariant features of primate retinal cell distributions. We have shown that cone topography in the monkey is qualitatively similar to that in the human over much of the retina and that it should therefore be possible to predict human retinal topography from monkey eyes used in invasive experiments. The extension of our approach to retinal development, aging, and pathology will ultimately provide a firmer anatomical basis for theories of vision invoking the photoreceptor mosaic. 
